After isothermally treated at 660°C for 20 min, both dendritic Mg 2 Si in unmodified alloys and polyhedral ones in KBF 4 -modified alloys transformed to nearly globular morphology, while the degree of spheroidization in KBF 4 -modified alloy was lower than that in unmodified alloy. This result might be attributed to both restriction effect of boron and stability of octahedral primary Mg 2 Si crystals. After isothermal treatment at 660°C for 20 min, however, the initial grain sizes of dendritic Mg 2 Si crystals in unmodified alloy or polyhedral ones in modified alloy obtained by different cooling rates (copper mold with the holes of f20 and f6 mm) only caused a little effect on the partial remelting microstructure. The fine primary Mg 2 Si particles obtained from f6 mm hole, however, were more readily to evolve to globular crystals, which might be attributed to the more active Ostwald ripening and/or coalescence.
Introduction
Magnesium alloys are the promising light structure materials demanding for the reduction of energy consumption and air pollution, and have great potential for applications in automotive and aerospace industries. 1, 2) The partial remelting isothermal treatment of magnesium alloys, which has low processing temperature, can effectively resolve the problem of oxidation and burning 3) and improve the tensile properties at room temperature of the alloys. 4) The partial remelting process, during which the alloy is heated to the temperatures between solidus and liquidus and held in the semi-solid state, has unique advantage for fulfilling the semi-solid non-dendritic microstructure during heating prior to thixoforming.
3) But up to now, magnesium alloys generally used in partial remelting process are restricted to a few commercial series such as AZ (e.g. AZ91D) and AM (e.g. AM60) alloys. 5, 6) Actually, amongst various magnesium alloys, Mg-Si alloys have attracted particular attention due to the excellent combination of various properties which mainly depend on the morphology and size of Mg 2 Si. 1, [7] [8] [9] [10] [11] However, the hypereutectic Mg-Si alloys show low ductility and strength because of the coarse dendritic primary and brittle Chinese script eutectic Mg 2 Si phases obtained by traditional casting route. 1, [7] [8] [9] [10] [11] It is well established that refinement and/or spheroidization of microstructure are mainly responsible for the improvement in the mechanical properties. 1, 7, 8) As mentioned by Zha et al., 7) an alternative method for spheroidization of dendritic Mg 2 Si is the partial remelting isothermal treatment.
It has been found that the microstructural evolution during partial remelting mainly depends on the starting structure of the materials and isothermal treatment process (e.g. isothermal temperature and holding time). 3, 7, [12] [13] [14] Wang et al. 12) have suggested that, for Al-7Si-0.35Mg alloy partially remelted and isothermally held at 580°C, dendritic grains with a diameter larger than 800 mm evolve to a rounded but irregular morphology and they are not able to evolve to a globular structure. While, a fine microstructure with a grain size less than 200 mm evolves to a globular structure after a short isothermal holding time (less than 15 min). 12) Moreover, an empirical equation has been established to describe the relationship between the evolved microstructure and the as-cast microstructure, indicating that the time taken for primary phase to be globular structure depends on the initial grain morphology and size.
12) Besides, Wang et al. have proposed that the finer dendrites in the initial as-cast alloy could evolve into globular a-Mg grains with relatively small size distribution in Mg-9Al-1Zn alloy during partial remelting. 15) A recent study suggested that, after isothermal holding at 580 or 585°C for 120 min, the morphology of eutectic Mg 2 Si phase changes from the initial Chinese script shape to granule and/or polygon shapes in Mg-6Al-1Zn-0.7Si alloy.
3) In a previous study, the microstructural evolution of Mg-5Si-1Al alloy during partial remelting process has been investigated by Zha et al., 7) and the experimental results indicated that it was difficult to acquire the designed microstructures only by a single partial remelting, since either the globular primary Mg 2 Si or the granular eutectic Mg 2 Si phase can be produced in this process. However, the desired microstructures consisting of both globular primary and granular eutectic Mg 2 Si phases were successfully produced by secondary partial remelting. 7) In spite of the above, seldom investigations have been carried out on the effect of partial remelting on the microstructural evolution of modified Mg-high Si alloys. The present study is aimed to investigate the influence of as-cast microstructure, with different grain sizes and morphologies of Mg 2 Si, on the microstructural evolution of the unmodified and KBF 4 -modified Mg-6.2Si alloys during partial remelting process. Particular attention is paid to the influence of isothermal holding temperatures on the morphology evolution of KBF 4 -modified Mg-6.2Si alloy. It is expected that the preliminary work could be significant in prompting the development of Mg-high Si alloys.
Experimental Procedure
Industrial pure Mg ingot (99.85 wt% purity) and Si (99.02 wt% purity) were used as starting materials to prepare the designed Mg-6.2wt%Si alloy. Based on the previous work, 1, 8) 5 wt% KBF 4 that can fully modify Mg-6.2Si alloy was adopted. Details of the fabrication process of Mg-high Si alloys unmodified and modified with KBF 4 were described in elsewhere. 1, 8) The unmodified and KBF 4 -modified Mg-6.2Si melts were manually stirred for about 2 min using a stainless steel impeller, held at ϳ800°C for 3 min, and then poured into a copper mold with the holes of f20 mmϫ100 mm and f6 mmϫ100 mm preheated at ϳ120°C, respectively.
The partial remelting experiment was performed in an electric resistance furnace under a protective atmosphere of flowing gas of SF 6 (0.6 vol%) and CO 2 (Bal.). When the furnace was heated to 500°C, the circular column samples (f20 mmϫ10 mm and f6 mmϫ10 mm) were placed in the furnace. Then the furnace was heated to the predetermined temperatures (620, 640 or 660°C) with a heating rate of ϳ8°C/min, and isothermally held at that temperatures for 20 min. The temperature was monitored by the use of a thermocouple placed at the centre of the sample with an accuracy of Ϯ1°C. To preserve the morphology and amount of the unmelted fractions which existed at high temperatures, the samples were withdrawn and then quenched in cold water immediately.
Metallographic samples were prepared in accordance with standard procedures used for metallographic preparation of metal samples, and etched with 1 vol% HF solution for ϳ5 s at room temperature. Microstructure and phase analyses were investigated by using optical microscopy (OM) (PMG3) and X-ray diffraction (XRD) (D/Max2500PC Rigaku, Japan). Grain size was estimated by the line intercept method under low magnification of the microstructures, at least 100 grains are calculated. Figure 1 shows the initial as-cast microstructures of unmodified and KBF 4 -modified Mg-6.2Si alloys produced by copper mold with the holes of f20 and f6 mm, respectively. Different diametrical holes of copper mold imply different cooling capacity. Note that, both KBF 4 addition and cooling rate have no influence on phase compositions of the alloys, which only consist of Mg and Mg 2 Si phases according to XRD results.
Results and Discussion

Influence of Cooling Rate on Initial As-cast Microstructure
It can be seen that the unmodified as-cast microstructure consists of the coarse dendritic primary Mg 2 Si crystal, subprimary a-Mg halos and Chinese script type eutectic Mgϩ Mg 2 Si phases ( Fig. 1(a) ). However, with the addition of KBF 4 , the primary Mg 2 Si transforms from the coarse dendritc morphology to the refined polyhedral shapes ( Fig.  1(c)) ; simultaneously, the eutectic Mg 2 Si turns from Chinese script shape into fibrous morphology as shown in the insert in Fig. 1(c) . The detailed investigation of KBF 4 -modified Mg-high Si alloys has been reported elsewhere. 1, 8) As expected, the higher the cooling rate of casting mold (with the hole of f6 mm) is, the finer the sizes of both primary and eutectic Mg 2 Si in unmodified and KBF 4 -modified microstructures are. However, note that the cooling rate has no distinct effect on the morphology of primary or eutectic Mg 2 Si phase (Fig. 1) . Generally, increasing cooling rate brings on an increase in undercooling of the melts, which in turn refines the size of as-cast microstructures, as reported by Zhang et al. 16) In addition, also the relatively rapid solidification restricts the growth of grains and yields fine structures. Hereby, both unmodified and KBF 4 -modified alloys can be refined with increase in cooling rate. Figure 2 shows the influence of isothermal holding temperatures on the microstructures of unmodified Mg-6.2Si alloy. The results indicate that, for the alloys produced in copper with two diameters of the holes (f20 and f6 mm), the primary Mg 2 Si still keeps dendrite when the alloys are isothermally treated at 620 (Figs. 2(a) and 2(b) ) and 640°C (Figs. 2(c) and 2(d) ). However, the eutectic Mg 2 Si turns from Chinese script into granular shape except for minor rod-shaped ones. With isothermal temperature further increasing to 660°C, the primary Mg 2 Si transforms to nearly spherical morphology (Figs. 2(e) and 2(f) ). However, the eutectic Mg 2 Si turns into fine Chinese script again. The microstructures of primary and eutectic Mg 2 Si phases in this study are similar to those of the ones in Mg-5Si-1Al alloy during partial remelting, 7) as follows: dendrite dendrite dendrite globular crystal; and Chinese script granuleϩrod-shape (minor) granule Chinese script. When isothermal temperature is 660°C, however, there is no apparent difference in the size of globular primary Mg 2 Si grains between the two unmodified alloys produced by different holes of f20 and f6 mm (Fig. 2) . The detail explanation will be available in the subsequent discussion. Figure 3 shows the influence of isothermal holding temperatures on the microstructures of KBF 4 -modified Mg-6.2Si alloys. When the alloys are isothermally treated at 620 (Figs. 3(a) and 3(b) ) and 640°C (Figs. 3(c) and 3(d) ), the primary Mg 2 Si still keeps modified morphology as polyhedral shapes for the microstructures obtained by different holes of f20 and f6 mm; however, the eutectic Mg 2 Si turns from fibrous into granular shape. Note that the polyhedral primary Mg 2 Si exhibits a slight tendency towards rounded but remains far from globular with the isothermal temperature increasing to 640°C. Interestingly, when the temperature further increases to 660°C, the size of the primary Mg 2 Si becomes coarser, and the morphology changes from polyhedral shapes to nearly spherical morphologies (Figs. 3(e) and 3(f) ). However, the eutectic Mg 2 Si turns into fine fibrous again (the insert shown in Figs. 3(e) and 3(f)). Similar to unmodified alloy, there is no obvious difference in size of globular primary Mg 2 Si phases between the modified alloys obtained by different holes of f20 and f6 mm. Accordingly, the morphological evolutions of primary and eutectic Mg 2 Si phases in KBF 4 -modified Mg-6.2Si alloys during isothermal holding can be described as follows: polyhedral shape polyhedral shape polyhedral shape (slight passivation) nearly globular grain; and fibrous granuleϩrod-shape (minor) granule fibrous. A previous study suggested that the morphological change of Chinese script eutectic Mg 2 Si at 620°C was achieved by a solid solute-diffusion-controlled mechanism. 7, 17) When the temperature reached 660°C, however, the sub-primary a-Mg halos have completely melted during partial remelting process; therefore, the eutectic Mg 2 Si precipitated along the a-Mg grain boundaries and grew to Chinese script morphology during the water-quenching process. 7) According to the research of Czerwinski, 18) an interaction was taking place between grains which traveled in liquid and semisolid states during partial remelting. The reduction of interfacial energy between the grains and liquid provides the driving force for morphological and dimensional changes, and two potential contributors include Ostwald ripening and coalescence. [18] [19] [20] [21] In the present experiment, the primary Mg 2 Si at the initial and well-advanced coalescence stages were occasionally observed, as shown in Fig. 2(f) . It could be concluded that, therefore, the nearly globular primary Mg 2 Si phases were formed via the Ostwald ripening and/or coalescence processes during partial remelting at 660°C. It is also believed that the dissolving and fragment of crystals occurred firstly at the positions with larger curvature. Consequently, the curvature radius gradually becomes close for different positions of the Mg 2 Si crystal, which in turn favors the formation of the spherical primary Mg 2 Si phase.
Microstructural Evolution during Partial Remelting
It can be easily seen that the degree of spheroidization for primary Mg 2 Si (at 660°C) in KBF 4 -modified alloys is lower than that for primary Mg 2 Si in unmodified alloys, as observed in Fig. 2(e) and Fig. 3(e) . It has been reported that boron has an evident modification effect on primary Mg 2 Si crystals during solidification owing to adsorption and poisoning mechanisms. 1) In the present study, therefore, it is believed that B may also restrict the spheroidization of polyhedral primary Mg 2 Si during partial remelting. Moreover, most of polyhedral Mg 2 Si particles are in fact the octahedrons in fully modified microstructures.
1) The octahedral primary Mg 2 Si crystals faced by {111} planes, which are the close-packed planes in the face-centered cubic crystal structure, are relatively stable during partial remelting, The average size of primary Mg 2 Si remelted at varying temperatures is shown in Fig. 4 . It could be easily concluded that there is no obvious discrepancy in grain size of globular primary Mg 2 Si in both unmodified and KBF 4 -modified alloys with different initial grain sizes after isothermal treatment at 660°C for 20 min (Fig. 4) . This phenomenon might be attributed to the following two factors: (i) the fine primary Mg 2 Si particles obtained from f6 mm hole, however, are more readily to evolve to globular crystals, which might bring on more time to Ostwald ripening and/or coalescence during isothermal holding; and (ii) the smaller size of the primary Mg 2 Si phase definitely corresponds to a larger amount of grains (Figs. 1(b) and 1(d) ), and hereby, the probability that primary Mg 2 Si may come in contact with each other increases, resulting in a fact that coalescence is more active in microstructures obtained from f6 mm hole. Thereby, when the alloys are isothermally treated at 660°C for 20 min, there is no apparent difference in the size of globular primary Mg 2 Si grains between the alloys produced by different holes of f20 and f6 mm. However, the initial grain size may have an effect on the time of transformation for primary Mg 2 Si from dendrite to globular grains, and more work needs to be done in this subject. To obtain the microstructures consisting of globular primary and granular eutectic Mg 2 Si phases, the samples experiencing partial remelting treatment at 660°C were isothermally retreated at 620°C. One can see from Fig. 5 that the eutectic Mg 2 Si changes from the Chinese script or fibrous to nearly granular shape, while the primary Mg 2 Si remains spherical in shape with barely noticeable change in size. The results are in good agreement with our previous works. 7) Consequently, the desired microstructures are successfully produced in both unmodified and KBF 4 -modified Mg-6.2Si alloys.
Conclusions
(1) Whether dendritic morphology in unmodified alloys or polyhedral shapes in KBF 4 -modified alloys, the primary Mg 2 Si still kept initial morphology when the alloys were isothermally treated at 620 and 640°C. With isothermal temperature further increasing to 660°C, the primary Mg 2 Si crystal transformed to nearly globular morphology, while the degree of spheroidization in KBF 4 -modified alloy was lower than that in unmodified alloy. This result might be attributed to both the restriction effect of boron and stability of octahedral primary Mg 2 Si crystals faced by {111} planes.
(2) After isothermal treatment at 660°C for 20 min, however, the initial grain sizes of dendritic Mg 2 Si crystals in unmodified alloy or polyhedral ones in modified alloy obtained by different cooling rates (copper mold with the holes of f20 and f6 mm) only caused a little effect on the partial remelting microstructure. The fine primary Mg 2 Si particles obtained from f6 mm hole, however, were more readily to evolve to globular grains, which might lead to the more active Ostwald ripening and/or coalescence.
